Malaria is a location-specific, dynamic infectious disease transmitted by mosquitoes to humans and is influenced by environmental, vector, parasite, and host factors. The principal purposes of malarial epidemiology are 1) to describe the malarial distribution in space and time along with the physical, biologic, and social etiologic factors and 2) to guide control objectives for either modeling impact or measuring progress of control tactics. Mapping malaria and many of its causative factors has been achieved on many different levels from global distribution to biologic quantitative trait localization in humans, parasites, and mosquitoes. Despite these important achievements, a large degree of uncertainty still exists on the annual burden of malarial cases. Accurate, sensitive detection and treatment of asymptomatic reservoirs important to infectious transmission are additional components necessary for future control measures. Presently spurred by the leadership and funding of Bill and Melinda Gates, the malarial community is developing and implementing plans for elimination of malaria. The challenge for malariologists is to digitally integrate and map epidemiologic factors and intervention measures in space and time to target effective, sustainable control alongside research efforts.
INTRODUCTION
Malaria has coexisted with the human population for millennia. Some human malarial parasites based on mitochondrial sequences are estimated to be 50,000-100,000 years old (1) . Both mitochondrial DNA analysis and chromosome-wide single nucleotide polymorphism analysis point to a Plasmodium falciparum population expansion from a bottleneck about 10,000 years ago, postulated to coincide with ''slash and burn'' agriculture development and also adaptation of the Anopheles gambiae mosquito (2, 3) . About 1880, the causative organism was identified by Laveran (4, 5) while investigating febrile illness in Algerian soldiers. Ross and Smyth (6) implicated the mosquito as the vector about 20 years later by observing pigmented cells outside the mosquito stomachs of bird malaria. The finding was quickly verified in human malarias. Almost 50 years later, Shortt and colleagues (7) (8) (9) identified the liver stage of human malaria in 1948.
Thus, approximately 1900 marked the beginning of malarial interventions with the first few decades devoted to ''sanitation'' of Anopheles. Mosquito control had much success, notably in the Panama Canal effort (10, 11) , in the Zambian copper belt (12) , and in the eradication of transplanted A. gambiae from Brazil that narrowly avoided a disaster (13) . This first half of a century did shrink the global land distribution of malaria from the preintervention area of 77.5 million km 2 to 58.5 million km 2 (14) . Another concept of malarial control developed in this half century was ''Anophelism without malaria,'' meaning that one did not have to eradicate all ''Anopheles'' mosquitoes to eradicate malaria, which has happened in many temperate zones including the United States. Most of these successful control programs coupled control with research activities (15) .
The second part of the last century was marked by great optimism for eradication of malaria. The potent insecticide dichlorodiphenyltrichloroethane (DDT) was successfully launched as part of the global malarial eradication effort. Later the safe, inexpensive quinoline drug, chloroquine, was added for prevention. The end of malaria was forecasted (16) . Unfortunately, the development of both insecticide resistance and chloroquine resistance, in addition to operational, political, and financial issues, halted malariaeradication efforts. In a timely pioneering mapping effort, the Russian, Lysenko, constructed a global endemicity map using diverse data sources of many malariometrics to project worldwide malarial distribution inferred from expert opinion, population increases, rainfall, and temperature data (14, 17) . In 1975 after the abandonment of systematic global eradication efforts, the global land area for malarial risk had shrunk to 48 million km 2 (14) . Continued efforts in China, South America, and the Middle East have resulted in a nadir of approximately 40 million km 2 for the global malarial risk in the early 1990s. This land area of malarial risk has plateaued over the past 20 years.
Despite the global land area of risk reduction of almost 50% over the last century, the absolute population at risk for malaria has actually increased in this time period. The world population from 1900 to the present has more than quadrupled from 1 billion to close to 7 billion. While the percentage of the world population exposed to malaria has decreased from 77% to 50% from 1900 to 2000, the actual number of people estimated at risk for malaria increased steadily from 0.8 billion to 3.4 billion because of population increases in malaria-endemic regions (14) .
UNCERTAINTY IN THE MALARIA BURDEN
The annual burden of malaria is still not accurately counted, and almost 95% of the burden is inferred from laboratory-confirmed cases representing less than 5% of the total (18) . In 1952, on the basis of his own expert opinion, Russell (19) described the number of annual cases estimated at 350 million with a 1% mortality from a world population of 2.4 billion. Strüchler (20) refined the crude estimate to 489 million cases in 1986 inclusive of 234 million due to P. falciparum with a 1% mortality. This estimate was obtained by simply multiplying the population under age 15 years exposed to malaria in 97 countries by incidence rates in Africa of 1.0 per child per year and 0.2 per child per year in all the other malarious countries (20) . In the 1990s, estimates from the World Health Organization (WHO) ranged from 213 to 273 million annual clinical cases of malaria, although the basis for those estimates was not transparent (21) .
In a groundbreaking methodological report, Snow et al. (22) refined estimations of P. falciparum malaria in 2002 to 515 million, with a range of 300-600 million. They refined the endemic prevalence map of Lesenko ignoring country borders and incorporated active case detection studies in Africa and passive national reporting systems in nonAfrican countries. The data in contrast to Strüchler's 2 rates were based on 83 independent annual incidence patterns from 22 countries in 5 regions. Clinical malaria was defined as fever with parasitemia, and the ranges were interquartile ranges. On the basis of 2006 data, the WHO published in 2008 a more country-specific estimation summarized with 247 million malarial cases with a lower uncertainty estimate of 189 million and a higher uncertainty estimate of 327 million as the 5th-95th percentiles. P. falciparum accounted for 91% or 230 million (range, 175-300 million), very close to Strüchler's estimate (18) . The WHO case definition was also fever and parasitemia. The method was based on a report by Cibulskis et al. (23) , which for non-African countries reported case rates adjusted for health-care utilization and the likelihood of parasite-positive rates for the whole country and for African countries an empirical relation between malarial transmission risk and case incidence. This methodology was based largely on the work by Snow et al. (22) . An important caveat to the WHO numbers is that the number of cases reported by the national malarial control programs was only 37% of this estimated global incidence. Laboratory-confirmed cases made up less than 5% of these global incidence cases (18) .
In another milestone, a digital, global, full spatiotemporal geostatistical modeling framework was established to record malarial prevalences in a worldwide endemicity map in 2007 (24) . The Malaria Atlas Project (MAP) was established. The project was based on almost 8,000 P. falciparum parasite rate surveys, which were geopositioned and passed strict inclusion criteria. The map incorporates environmental factors with human population density. These were used to make a continuous, age stratified, and urban-corrected malarial prevalence surface with model-based geostatistics in a Bayesian statistical framework. Validation procedures examined the accuracy of endemic rates and the uncertainty measurements. The project is continuously updated from ongoing prevalence measurements throughout the world. This is one of the first maps to report fine scale subcountry variations in malarial rates synthesizing population density, malariometrics, and environmental data. MAP had its roots in the Mapping Malaria Risk Project that also contributed early seminal maps in Africa of malarial risk-based population density and environments suitable for transmission (25) (26) (27) .
The caveats to these reported numbers are the bias of research sampling in areas of higher malarial prevalence. There is a paucity of active surveillance data in areas with low transmission. In contrast, a recent malarial indicator survey study in Zambia was based on 120 clusters randomly chosen throughout the country (28) . While the overall average population-adjusted parasitemia risk was 20%, the geostatistical Bayesian model created a more detailed map of regional risk to guide intervention measures. Further complicating the numbers is the underestimation by blood film microscopy compared with polymerase chain reaction (PCR), which can average 50% of PCR numbers (29) .
In a comparison of the 24 countries with higher malarial burdens in Figure 1 , 24 countries or a quarter of the 105 countries at risk of malaria account for more than 80% of malarial cases. Sixteen countries in Africa comprise 72% of the total world malarial burden. For most of these African countries, the population at risk living in an endemic area defined as 1 case/1,000 population averages 87% of the total population in contrast to the 8 higher risk, non-African countries, where the population at risk for malaria is less than 25% of the total (18) . These African high-prevalence countries have uncertainty in case estimates, which range from 30% to 50% of the total numbers reported.
Greater uncertainty of the non-P. falciparum malaria burden
In the malarial numbers for 2008 and 2009, WHO estimated 91% of clinical malaria to be P. falciparum with about 9% Plasmodium vivax or other species, which is only 17 million cases. This number is extremely low. In contrast, the world health report in 1999 had estimated 70-80 million cases annually of P. vivax (21) . A more recent estimate places the burden of P. vivax infection at 132-391 million cases annually (30) . In Southeast Asia, P. vivax can account for 50% of the malarial disease. In Africa, with 5% of infections, P. vivax accounts for about 12 million cases. Price et al. (30) estimate 90-248 million cases in Southeast Asia alone on the basis of the combination of population densities and prevalence rates shown in environmental mapping and malaria-endemic mapping. A conservative point estimate for P. vivax might be approximately half of P. falciparum totals. The African numbers are underrepresented by reliance on thick films, which fail to identify by species. The numbers in Southeast Asia have a large range. Although travelers provide an imperfect random sampling of malarial exposure because of obvious destination bias, the 2:1 ratio is supported by ratios of P. falciparum to P. vivax in children travelers returning to the United Kingdom, Europe, and Japan from 1992 to 2002 (31) and also to the United States from 1991 to 2007, where there were 19,500 P. falciparum cases compared with 10,400 P. vivax cases (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) .
Global numbers for Plasmodium malariae and Plasmodium ovale are absent. The burdens of P. ovale and P. malariae are even more underrepresented in blood film surveys. P. ovale can, in a cursory blood film examination, resemble P. vivax except for the rarer oval infected erythrocytes or number of nuclei in schizonts. P. malariae, in addition to also being missed on thick blood film examinations, is also commonly asymptomatic with lower parasite densities. Most of P. malariae infections detected by epidemiologic surveys are geographically in sub-Saharan Africa and the Southwest Pacific, while in the Middle East, the Americas, and Southeast Asia, this infection is infrequent. P. ovale has a similar but more focal distribution (47) . Coinfections with P. falciparum are frequent with the interesting observation that, in the dry season when P. falciparum densities decrease, P. malariae densities increase (48) . In a series of studies from Papua New Guinea, PCR detected 2-10 times as much incidence of P. malariae or P. ovale (47) . In the returning travelers described from Japan, Europe, and the United States, P. ovale represented approximately 5% with P. malariae representing about 2.5% of the more than 35,000 total cases of malaria.
A reasoned compromise on the non-P. falciparum numbers would be to estimate 60% P. falciparum, 30% P. vivax, 6% P. ovale, and 3% P. malariae. This would conservatively translate to 250 million, 130 million, 25 million, and 12 million, respectively, for each species. These numbers are about half of the estimates for P. falciparum (22) and P. vivax by the Oxford group but closer to the WHO estimate.
Plasmodium knowlesi has in the past been thought of as a primate Plasmodium. Recently, substantial sustained zoonosis has been demonstrated in hundreds of human cases in Malaysia and Southeast Asia (49) . The true extent is still being explored.
MALARIAL DISEASE AND DIAGNOSIS
In 2010, a paucity of worldwide malarial disease receives a laboratory-confirmed diagnosis. Malaria can be grouped into 2 types of disease: one of an acute febrile illness in travelers or nonimmune persons or an acute disease in the setting of chronic infection in semiimmune individuals in endemic areas. Both are presentations of febrile illnesses with many nonmalarial etiologies. Depending on both the clinical and epidemiologic settings, malaria is both underor overdiagnosed. In a nonimmune person, the presence of Plasmodium parasites and febrile or disease symptoms is synonomous with the diagnosis of malaria. In an endemic setting with 50%-70% of adults or older children who are parasitemic, febrile illness from other causes can appear to be malaria, leading to an overdiagnosis. In severe illness requiring hospitalization, large studies have demonstrated that 30%-50% of children presumed to have malaria actually have bacteremia or other nonmalarial diseases (50) . Malaria is underdiagnosed in the setting of chronic infection manifesting with short duration self-limiting febrile symptoms.
The diagnosis of malaria is made by clinical grounds of fever and an illness, by blood film microscopy, by an immunochromatographic rapid diagnostic test (RDT) that detects malarial antigens, by polymerase chain reaction, or rarely by serologic testing (51) . The RDT and PCR as commonly used yield a dichotomous positive or negative result. Both are amenable to antigen quantification (52, 53) or DNA semiquantitation (54, 55) . Malaria diagnosis is a densitydependent process. For blood film microscopy, parasite densities over 1,000/lL are quickly detected in a few minutes, while lower density parasitemia can require up to 20 minutes per patient. Similarly, the RDT has a greater sensitivity with a higher parasite density. Although PCR is considered both more sensitive and specific than blood film or RDT, this is not always the case, especially at lower parasite densities in the range of 1-500/lL. P. falciparum also has from 10-fold to 100-fold higher pyrogenic density than P. vivax or P. ovale. The fever threshold also increases in the setting of semiimmunity, such that in an endemic setting P. falciparum parasitiemia of more than 5,000-10,000/lL can often be asymptomatic. Often, epidemiologic research studies attempt to correlate antigenemia or DNA density to blood film microscopy. Because of diverse kinetics, they should be considered as different metrics each with separate, but overlapping implications for severe or asymptomatic disease (56, 57) . Blood film microscopy for P. falciparum can vary by log amounts in the space of 12-24 hours because of the shifting biomass from the sequestered pool of endothelium-adherent parasites in the tissues to the blood stream (58, 59) . The nonadherent P. vivax, P. ovale, and P. malariae are less subject to the large daily flucuations (60, 61) . Both the P. falciparum HRP-2 antigen and the glycolytic aldolase and lactate dehydrogenase enzymes have different clearance kinetics, with HRP-2 persisting for days to weeks while the glycolytic enzymes disappear in a few days (53) . A person presenting febrile and anemic with a 1% parasitemia of 20,000 parasites/lL and a hemoglobin of 17 g/dL may have very different levels of parasite antigenemia depending on the duration of parasitemia before presentation. The quantification of antigen then has diminished correlation to blood film parasitemia. In regard to the kinetics of parasite DNA after treatment, large kilobase fragments like the merozoite surface protein 2 disappear in a few days. However, smaller fragments of less than 200 kilobases detected by real-time PCR can persist for a longer period of time (62) . A body burden of 10 million parasites is approximately 1-10 parasites/lL. Prepatent parasitemia less than this threshold or parasitemia following effective drug treatment is not detectable by common sampling methods.
Another area of diagnostic challenge is detection of gametocytes that have lower parasitemias of approximately 1-1,000 parasites/lL (63, 64) . The detection is more complicated as the absence of gametocytes by blood film microscopy does not preclude mosquito transmission. Unlike symptomatic malarial disease that is density dependent, infectiousness by mosquitoes is not a gametocyte densitydependent process. A study in northwest Thailand demonstrated significant transmission by mosquitoes in feeding assays among individuals who were not ill enough to report to a clinic. They were detected on active screening surveys. Twenty-one percent of persons having blood films negative for gametocytes were infectious for mosquitoes. Those who were able to infect mosquitoes who did not seek help from the clinic were infectious for a longer period of time than those who went to the clinic and received treatment. The study authors concluded that the main reservoir of malarial infectiousness was oligosymptomatic persons remaining in the village (65) .
Previous work has indicated that the presence of reticulocytes and/or anemia was associated with higher gametocyte carriage (66) (67) (68) . There are also studies that associate sickle trait and disease with higher gametocyte carriage (69) . In contrast, a single study of hemoglobin E and gametocytes noted decreased carriage. To the extent that hemoglobinopathies or thalassemias are associated with anemia or increased reticulocytosis, they may be an important source of asymptomatic gametocyte carriage with low parasite densities.
The prevalence of disease also greatly influences the diagnostic test application, especially because the blood film and RDT are more suitable for detection of symptomatic presentations. They do not perform as well in asymptomatic active case detection with a higher number of lower parasitemic and nonparasitemic individuals. A quick review of receiver-operated curves illustrates that, as prevalence decreases from 10% to 1% in active case detection studies, the specificity requirements increase such that a 99% specificity is necessary to equally segregate false positives and true positives (70, 71) . In other words, in a group of 1,000 individuals screened and with a prevalence of 1%, a 99% sensitive and specific test will yield 10 false positives and 10 true positives. Similarly, for a 95% sensitive and specific test with a prevalence of 5%, the numbers of false positives and true positives are equal at 50 from a group of 1,000. A 90% sensitive and specific test in a prevalence of 10% has 100 false positives and true positives. If the sensitivity and specificity are less than (1 À prevalence), the false-positive ratio to true positive is greater than 1. This applies especially to the application of Real Time PCR, where low density positive samples have to be distinguished from false positives on the basis of contamination (72) or negative samples (73) . Because they are low-density parasitemias, correlation with blood films or antigen levels is also difficult in this subset.
MALARIAL EPIDEMIOLOGIC FACTORS
The epidemiologic factors that govern malaria are ideally investigated altogether. This, however, is difficult to achieve on a management level. The level of endemic malaria traditionally has been divided into 4 groups on the basis of malariometric rates: hypoendemic, <10%; mesoendemic, 10%-49%; hyperendemic, 50%-74%; and holoendemic, !75%. As seen in Figure 2A , an age-dependent relation exists within endemic areas for parasite prevalence. This has led to sometimes confusing comparisons between epidemiologic surveys performed in different age groups and at different seasons of the year. Smith et al. (74) have recently compared 4 different mathematical models to standardize prevalence rates among 121 different studies. Although the group aged 2-10 years is a useful plateau for comparative studies, sometimes rates do not stabilize until the age of 5 years. Studies reporting rates in children under age 2 years can be more problematic to compare.
The mosquito definitive host, human host, and Plasmodium parasite weave a complex web of interrelations among environmental conditions to determine and sustain the amount of parasites distributed in a focal, dynamic fashion in space and time in Table 1 . The mathematical models describing these relations can be equally complex. Figure 2 . Relation of malaria intensity measures. In A, age-dependent parasite prevalence rates grouped into the 4 traditional endemic transmission regions with human measures of intensity show a peak in young children. Large reductions in mosquito transmission measures can still sustain high parasite prevalences. Parasite prevalence rates decrease little with 10-fold decreases in entomologic inoculation rates (EIRs) (B) and almost 100-fold decreases in the basic reproductive ratio (R 0 ) (C). In D, the rates of seropositivity to malaria antigens quickly saturate to near 100% at both prevalence near 25% with low EIR and R 0 less than 10. In E, the less used measure of intensity associating infant malaria rates is useful in hyperendemic and holoendemic settings with prevalence over 50%.
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Environmental factors
Four main environmental factors include mean daily temperature, humidity, altitude to approximately 2,500 m, and amount of water for larval habitats. Northern and southern distribution maps were defined by the lower limits of the 15°C isotherm as the minimal temperature to sustain sporogony or development through mosquito stages (75). The lower limit threshold does vary with human Plasmodium species from 14.5°C to 16°C (75) . This temperature has to be sustained for at least 7 days for the parasite to mature in the mosquito. Higher temperatures shorten days of development for both mosquito and parasite, but temperatures over 30°C shorten the lifespan of the mosquito. Relative humidity over 60% increases mosquito longevity (75) . The relative amount of standing water in the environment provides for larval habitats. Satellite information defining the vegetative index has been useful for modeling malaria (76) .
Mosquito factors
Measurable mosquito determinants, which control the transmission of malaria, relate to mosquito lifespan, behavior, and genetic susceptibility or refractoriness. Because of the interplay between duration of parasite sporogonic development (Table 2 ) and adult lifespan, shortening the lifespan of mosquitoes by even a day or two can have dramatic effects on transmission potential (77) . Indeed, most insecticides do not have to kill mosquitoes to interrupt malarial transmission but can shorten the adult mosquito lifespan such that the Plasmodium parasite is unable to develop. Shortening the mosquito lifespan but maintaining reproductive potential eliminates reproductive selection of insecticide resistance. An important additional basis of insecticide-treated bednets besides preventing biting mosquitoes is to shorten the lifespan of mosquitoes when they rest on the net after feeding. The behavior of mosquitoes that greatly affects malarial transmission includes human versus animal biting habits, indoor or outdoor feeding, or resting habits. One of the epidemiologic intensity indices for malaria is the vectorial capacity that relates the density of mosquitoes in relation to humans, man-biting habits per day, daily survivorship of mosquitoes, and the parasite incubation or sporogonic period (75) . Vectorial capacity can be expressed mathematically by using measures of these mosquito factors. Bednets were designed and validated for indoor, midnight-biting A. gambiae in Africa. An open question is the effectiveness in forest malaria in Southeast Asia where individuals can encounter mosquitoes at dawn or dusk.
Among the more than 3,000 species and 40 genera of mosquitoes, only 30-40 species from the Anopheles genus transmit Plasmodium by the bite of an infective female mosquito. Many Anopheles mosquitoes can also transmit bird or reptilian Plasmodium but not mammalian Plasmodium. Even among the very efficient A. gambiae in Africa, interindividual variation of transmission efficiency is apparent. Modern molecular mapping has focused on 2 differential transmission phenotypes: 1) A. gambiae transmission of primate or murine Plasmodium or 2) A. gambiae transmission of the natural parasite P. falciparum. Genetic loci for encapsulation of the primate Plasmodium cynomolgi have been mapped to a pen1 location (78) . Recently, the transmission with P. falciparum in A. gambiae was mapped and validated with the antiparasitic thioester-containing protein 1 (79) and also separately with the Anopheles Plasmodiumresponsive leucine-rich repeat 1 (80, 81) .
The insecticide resistance genetic markers have separately led to selection and spread of Anopheles mosquitoes efficient in malarial transmission (82) . The knock-down resistance has appeared in separate species (83, 84) . DDT resistance has been chromosomally localized (82) . Other metabolic resistance mechanisms remain to be localized on the Anopheles genome (85). 
Plasmodium factors
The parasite itself contributes to the epidemiologic distribution of malaria (Table 2) . Drug resistance such as chloroquine resistance, a high multiplication rate in the human host, antigenic diversity, and possibly unknown virulence factors all contribute to disease in individuals and transmission potential. The spread of chloroquine resistance from foci in Cambodia and Brazil is well documented and contributed to increases in malarial prevalence worldwide (86) . Microsatellite markers on either side of the P. falciparum chloroquine-resistant protein demonstrate reduced diversity (87, 88) . Interestingly, there is also evidence of selective sweeps for the antifolate drugs despite frequent observations of independent origin of resistance (89) . In Malawi, wild-type chloroquine-sensitive parasites have replaced widespread dispersal of chloroquine-resistant genotypes implicating no selective survival advantage to chloroquine resistance (90) .
There is some evidence that merozoite invasion-binding ligands may also increase the multiplication rate among P. falciparum isolates (91) . The more efficient invasion rate leads to a higher multiplication rate per erythrocyte cycle, which can both increase transmission potential and possibly cause more severe disease. P. vivax and P. ovale have a builtin ceiling on more efficient multiplication rates being limited to invasion and development in reticulocytes. The dogma with a modicum of evidence in P. malariae is that this species invades only mature erythrocytes, while P. falciparum can invade erythrocytes of all ages.
In the case of P. falciparum, the erythrocyte stages past the ring stage, such as the trophozoite and schizonts, very rarely circulate but, instead, are sequestered in tissues by parasite ligands that have been exported outside the parasite to the surface of the erythrocyte membrane to bind to host endothelial receptors. The intensive successful search for the chloroquine-resistant loci yielded a sequence of Duffy binding-like genes, which were characterized on the surface of the knob structures ultrastructurally implicated in binding (92) . This gene family has about 50 gene orthologs with high diversity (93) . Antibodies to these ligands have been shown to confer protection to severe disease but not to parasitemia. An unproven rationale for P. falciparum binding is to prevent splenic clearance of parasites. However, only a minority of the more than 100 Plasmodium species infecting mammals, birds, and reptiles sequester. Other loci have been selected throughout the Plasmodium genome on the basis of either possible drug resistance or possibly virulence (94) .
Human factors
Humans have had millions of years to evolve mechanisms to resistance to the malarial parasite. An age-dependent prevalence rate in endemic areas relates to gradual humoral, antibody-dependent acquisition to disease but not to parasitemia. In hyperendemic and holoendemic settings, most clinical disease manifestation presents in individuals before the age of 5 years, while peak prevalence rates are in individuals aged 10-15 years (75) . Interestingly, the agedependent immunity carries over to the ability to clear chloroquine-resistant parasites when given chloroquine. Children aged 1-5 years are least able to clear chloroquineresistant parasites, while those over the age of 5 years clear more than 50% of infections with chlorquine-resistant parasites (95) . Whether this presumed humoral ability to make drugs work better can be translated into a vaccine construct is underexplored. Genetic resistance to malarial infection and disease listed in Table 1 has been long studied. Duffy blood group antigennegative individuals residing in western Africa are unable to support invasion of P. vivax parasites and have completely absent blood-stage parasitemia (96) . There does exist one report of a few individuals, Duffy negative, who are P. vivax parasitemic (97) . The hemoglobinopathies, such as hemoglobin S, C, and E, demonstrate disease-limiting protection (98-100). The homozygous individual can still present with febrile illness but very rarely have severe life-threatening disease. Electron microscopy surface visualization and immunofluorescent microscopy have revealed an abnormal number and distribution of the knobs (101) (102) (103) . Parasites still adhere in endothelial beds but not as much to cause severe disease. An interesting mapping question asks whether these parasites stick downstream from highly adherent parasites or just not as tightly as those causing severe disease in individuals with normal hemoglobin. Disordered alpha or beta hemoglobin production in the thalassemias also confers protection from disease but not from parasitemia by unresolved mechanisms (104) . The deficiency of glucose-6-phosphate dehydrogenase has also been selected for malarial resistance (105) . This is one of the most common genetic enzyme deficiencies in humans. Researchers have detected areas by haplotype maps on human chromosomes indicative of malarial selection (106) . Even after malaria is permanently eradicated, these abnormal genes will persist for centuries as a semipermanent imprint upon the human genome by Plasmodium.
Other related factors affecting the outcome of malarial disease and possibly transmission potential include macroand micronutrient deficiencies (107) , pregnancy (108), coinfection with helminths (109) (110) (111) (112) , or viral diseases (113, 114) . Behavioral modifications on the individual or society level affect the distribution of malaria. Deforestation leads to restriction of forest Anopheles dirius species. Housing construction, like screens, can prevent nocturnal mosquito biting. Malaria has also been correlated to occupational exposure, such as relocation of miners or harvesters on tea plantations (115) .
Measures of malarial intensity factors
All of the above-named factors can be interrelated with changes in an environmental, vector, parasite, or human factor affecting malarial distribution and measurement of malariometrics. Different formulas have been useful to follow malarial factors affecting prevalence. The entomologic inoculation rate (EIR) measures the number of infected mosquitoes capable of transmission to humans that bite or inoculate Plasmodium sporozoites over a period of time, most commonly a year. These rates can vary from 1 to 1,000/year. As seen in Figure 2B , drastic reductions in the EIR from the hundreds down to the tens still can be associated with greater than 50% prevalence rates. The EIR is measured by all-night human landing catches of all mosquitoes and determining the number with sporozoites in salivary glands.
The EIR is related to the basic reproductive ratio (R 0 ). Smith et al. (116) have correlated among 121 different African populations roughly a 10-fold higher R 0 than EIR ( Figure 2C ) (116) . Estimations of R 0 add more factors by measuring how many humans a single human is capable of infecting in stable conditions. The duration of human infection can prolong infectiveness to mosquitoes. The density of infective mosquitoes and, to a lesser extent, humans can also perturb the measurements. The heterogeneity in mosquito biting and also the heterogeneity in human host susceptibility also diminish the ideal conditions for measurement.
Two other measures of malarial intensity are useful only in specific transmission settings, as shown in Figure 2 , parts D and E. The seropositive rate of reactivity to any parasite antigens quickly saturates to 100% with parasite prevalences near 25% (75) . This measure will be very useful in the elimination endgame for locating persistent foci of infection in low-transmission settings. A last measure is the incidence per infant per year of malaria, which can be measured in high-transmission areas over 50% (75) . These are the 4 classical measures of malarial intensity: prevalence rate (EIR), R 0 , seropositive rate, and infant incidence rate.
MALARIAL CONTROL AND ELIMINATION
Bill and Melinda Gates have spurred, with both ideas and funding, the malarial community to reconsider eradication. The concept has been further delineated into control stages, elimination stages, eradication stages, and extinction stages. These will generate separate issues among the 4 principal human malarial parasites and the zoonotic P. knowlesi where humans can be incidental hosts. This mirrors the attack, consolidation, and preparation for elimination phases of the eradication campaign in the 1950s and 1960s. The control or attack phases can be split into tactical phases measured by reduction in mortality, then reduction in mortality and morbidity, then reduction in mortality and morbidity, with reduction in parasite prevalence. After this has been achieved, then countrywide malarial control can be implemented with the goal of elimination in an elimination or consolidation phase.
The approaches used have been targeting the vector or eliminating the parasite by case detection and effective treatment. Vector control approaches include reducing the contact of people and mosquitoes by insecticide-treated nets, repellants, control of mosquito larval habitats by water reduction, or larvacides and destruction of mosquitoes through indoor residual spraying of DDT (117) . Elimination of the parasite in the human host to date has relied principally on chemotherapy (118) . Chemotherapy can be preventive by killing liver-stage parasites or eliminating parasites emerging from the liver as in travelers. Case detection and effective treatment can be based on passive or active screening but still consist of treatment of parasitemic individuals. Although true mass drug administration through medicated salts has been discredited, intermittent presumptive treatment of more targeted high-risk disease populations has been advocated and shown to be effective in pregnant women, infants, and children (119) . Besides the toxic drug primaquine in individuals with glucose-6-phosphate dehydrogensase deficiency, we have few other safe, effective drugs to target the liver and gametocyte stages. Artemisinin does reduce the duration and magnitude of infectivity to mosquitoes after combination drug treatment. In temperate areas, either vector control strategies or drug treatment alone has been effective in elimination of Plasmodium from geographic areas.
Two vaccine candidates are in human efficacy trials. One is based on immunogenic, protective epitopes from the sporozoite stage, RTS,S (120, 121) , and another is the irradiated, live, attenuated sporozoites stage vaccine (122) . While effective vaccines can greatly augment malaria control strategies, they will be especially useful in the elimination phases to prevent resurgence in malaria.
MAPPING INTERVENTIONS
A working dynamic, geographic-based mapping and information system will enable the integration of malarial control efforts and epidemiologic data to guide management of the disease and its impact at local and countrywide levels. Malaria needs to be mapped on many different layers from country level to district level to village level to household level to inform control efforts. Spatial aspects of malarial risk and control have long been recognized (123) . Malaria is focused around mosquito-breeding sites with a limited transmission distance of a few kilometers. Mosquitobreeding sites do not always follow higher human population densities. Compounding the local transmission is the diverse range of EIRs over the limited area of even 10-20 km. In Sierra Leone, the annual EIR varied from 1-10 to 100-300 over a 3-4 km 2 area (123) . Malaria can also be spatially clustered on household levels within villages, resulting in a small number of households with greater malarial burdens. The clustering can also occur around rivers or streams, which may not be apparent without a map. Many areas of malarial transmission appear to conform to the 20/ 80 rule where 20% of the host population contributes to approximately 80% of the transmission potential (124) . This implies that, if control programs target the essential 20% core, they will be more effective. This heterogeneous pattern of malarial risk also makes untargeted control ineffective because of missing the high-risk individuals and locations, as well as overtreating areas that contribute little, if anything, to malarial maintenance (123) . Because of the high basic infection rate (R 0 ) for malaria that may be in the hundreds and sometimes thousands (116) , missing these high-transmission individuals or locations can effectively negate costly malarial control efforts.
Spatial targeting of malarial control requires the ability to distinguish households or other spatial clusters with different malarial incidence. This information then has to be communicated to target an intervention. The intervention tools may vary depending on the malarial situation. Not all malarial endemic patterns may be amenable to targeted intervention (123) .
MAP aims ''to develop the science of malaria cartography'' (125, p. e473) . This needed project is starting on a global country level to map malarial prevalence year to year in an open-source accessible fashion. The data input is parasite prevalence rates based on laboratory diagnosis. The parasite prevalence can vary by age, which requires standardization (74) . The MAP geographically locates archival parasite prevalence data to generate its ''map.'' MAP also recently incorporated land census data into their ''map'' of East Africa (126) . Alongside MAP is mapping inherited blood disorders relevant to malarial epidemiology, like the thalassemias and hemoglobinopathies (127) . Malarial drug resistance patterns have also been proposed to be mapped under the World Antimalarial Resistance Network (WARN) (128) . This effort will combine pharmacokinetic data, drugresistant single nucleotide polymorphisms, and parasite incidence data to create a real time spatial record of potential spread of drug resistance.
Geographic information systems (GIS) have been incorporated into many research studies of malaria and malarial control recently. Hakre et al. (129) used GIS to map malarial rates over a 10-year period in Belize for 156 villages. These authors found that transmission varied among geographic areas and among seasons. In Ghana, intensive GIS monitoring in a high-endemic area revealed that the individual household location in villages impacted malarial disease and vector transmission. Importantly, the houses near the forest on the outskirts of villages had more malaria, but in a heterogeneous fashion (130) . Another malarial mapping project centered in Zimbabwe was pioneered in the early 1990s by Shiva Murugasampillay and used GIS and the software, Healthmapper (WHO, Geneva, Switzerland). Much of Zimbabwe was mapped with parasite prevalence and other epidemiologic indicators. Kreuels et al. (130) proposed adding malarial control process indicators, such as indoor residual spraying, bednet distribution, or drug coverage. Population, rainfall, and temperature data, as well as base maps of health facilities and districts, also could be incorporated as additional data layers. The group created the Healthmapper malarial module to integrate rainfall data into an early warning system for malarial epidemics (131) . In the town of Dindigul within Tamil Nadu, India, a GIS malarial surveillance system that was associated with more than 33 parameters and malariometrics, including mosquito larva densities, was used to develop a high-resolution monitoring system (132). Gaudart et al. (133) in Mali studied 173 households identified by GIS with about 1,300 children over 5 years in a space-time cluster analysis. The group identified high-risk zones, which persisted over time. They postulated that the GIS methods led to better targeting of malarial control efforts (133) .
CONCLUSIONS
Although we have made progressive strides in the epidemiologic studies of malaria by increasing the utilization of diagnostic tests, we will need to greatly augment the coverage of sensitive malarial detection. Mapping and modeling studies rely on accurate, precise diagnostic definitions of malaria and infected mosquitoes. Sustainable, effective control coupled with research will rely on integrated mapping in time and space of the complex epidemiologic factors that govern malarial distribution.
